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Ambulatory Voice Biofeedback: Relative
Frequency and Summary Feedback Effects
on Performance and Retention of Reduced

Vocal Intensity in the Daily Lives of
Participants With Normal Voices

Jarrad H. Van Stan,®®° Daryush D. Mehta,®”° Dagmar Sternad,?
Robert Petit,® and Robert E. Hillman®®-°

Purpose: Ambulatory voice biofeedback has the potential
to significantly improve voice therapy effectiveness by
targeting carryover of desired behaviors outside the therapy
session (i.e., retention). This study applies motor learning
concepts (reduced frequency and delayed, summary feedback)
that demonstrate increased retention to ambulatory voice
monitoring for training nurses to talk softer during work hours.
Method: Forty-eight nurses with normal voices wore the
Voice Health Monitor (Mehta, Zanartu, Feng, Cheyne, &
Hillman, 2012) for 6 days: 3 baseline days, 1 biofeedback
day, 1 short-term retention day, and 1 long-term retention
day. Participants were block-randomized into 3 different
biofeedback groups: 100%, 25%, and Summary.

Performance was measured in terms of compliance time
below a participant-specific vocal intensity threshold.
Results: All participants exhibited a significant increase

in compliance time (Cohen’s d = 4.5) during biofeedback
days compared with baseline days. The Summary feedback
group exhibited statistically smaller performance reduction
during both short-term (d = 1.14) and long-term (d = 1.04)
retention days compared with the 100% feedback group.
Conclusions: These findings suggest that modifications in
feedback frequency and timing affect retention of a modified
vocal behavior in daily life. Future work calls for studying the
potential beneficial impact of ambulatory voice biofeedback
in participants with behaviorally based voice disorders.

unctional voice use is essential for most activities
F of daily living, such as communication and occu-

pational demands (Roy, Merrill, Gray, & Smith,
2005). However, 3%-9% of the population is estimated to
have impaired vocal function, resulting in limited ability to
participate in family, community, and economic activities
(Ramig & Verdolini, 1998). Furthermore, the most common
voice disorders are related to vocal behavior (Bhattacharyya,
2014). Behaviorally based voice disorders (e.g., vocal fold
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nodules, polyps, and muscle tension dysphonia) can be
difficult to manage solely in the clinical setting because
they are thought to result from faulty and/or abusive pat-
terns of vocal behavior exhibited in daily life (Czerwonka,
Jiang, & Tao, 2008; Hillman, Holmberg, Perkell, Walsh,
& Vaughan, 1989; Van Stan, Mehta, Zeitels, et al., 2015).
Voice therapists must typically rely on unreliable patient
self-reporting in assessing the contribution of voice use to
the patient’s voice disorder, as well as to determine whether
vocal function is improving outside the therapy session.
Ambulatory voice monitoring and biofeedback can both
record objective measures of vocal behavior and deliver
real-time therapeutic cues during a patient’s daily life
(Van Stan, Gustafsson, Schalling, & Hillman, 2014). This
suggests that ambulatory voice monitoring and biofeedback
have significant potential to improve voice therapy effec-
tiveness through targeting the carryover of desired vocal
behaviors outside the therapy session and documenting voice
therapy compliance in the patient’s natural environment.
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Only very few studies have attempted to quantify the
effect of ambulatory voice biofeedback on vocal motor
behavior, and most of these have been case studies with
little experimental control (KayPENTAX, 2009; Rubow
& Swift, 1985; Stadelman-Cohen, Van Stan, & Hillman,
2014; Van Stan et al., 2017). To date, only two small group-
based studies have assessed the effect of ambulatory voice
biofeedback on vocal behavior in daily life, and both used
simple vocal intensity thresholds (Schalling, Gustafsson,
Ternstrom, Bulukin Wilen, & Sodersten, 2013; Van Stan,
Mehta, & Hillman, 2015). Both of these studies reported a
vocal behavior change only when the biofeedback was pres-
ent and no indication that the modified loudness behavior
remained after biofeedback removal. The absence of a main-
tained behavior change is significant because successful vocal
rehabilitation depends upon a permanent, not temporary,
improvement in voice use. Therefore, no indication of main-
tenance represents a lack of clinical effectiveness.

Potential methods to improve the permanence of a
vocal behavior modification may be found in the fields of
motor learning and motor control, where empirical studies
have demonstrated advantages of various types of feedback
schedules for the relative permanence of a motor performance
improvement (Schmidt & Lee, 2011). The motor learning
literature differentiates between temporary and permanent
changes in motor behaviors with the respective labels of
“performance improvement” versus “learning.” Performance
improvement refers to the improved execution of a movement
during practice; learning or retention is defined defined as
the relatively permanent improvement in a motor skill after
a period of time without practice. Different underlying neu-
rophysiological processes are presumed to underlie these
temporary or relatively permanent changes (Dayan & Cohen,
2011).

Many motor learning studies have demonstrated an
increase in learning (by measuring retention) when decreas-
ing the frequency and manipulating the timing of feedback.
For example, providing feedback every fourth trial leads
to more effective learning than feedback after every trial,
also called 25% or 100% feedback, respectively (Badets &
Blandin, 2004; Lee, White, & Carnahan, 1990; Salmoni,
Schmidt, & Walter, 1984; Sparrow & Summers, 1992). In
addition, delaying the presentation of feedback by providing
average summary statistics at predetermined intervals typi-
cally has beneficial effects (Anderson, Magill, Sekiya, &
Ryan, 2005; Salmoni et al., 1984; Schmidt, Lange, & Young,
1990; Yao, Fischman, & Wang, 1994). However, many
of these studies were completed in highly controlled labora-
tory environments using simple limb-based tasks such as
pointing or reaching. The present study investigated the
application of these motor learning concepts in a more
complex and clinically relevant context: modifying habitual
vocal behavior during daily life.

Empirical support for the clinical use of reduced
or delayed feedback in voice therapy is currently lacking
because most studies have focused on limb movements,
not voice and speech-related movements of head/neck struc-
tures (Schmidt & Lee, 2011). Furthermore, the few studies

focused on how feedback frequency/delay affects speech or
vocal learning have not consistently replicated limb-related
results (Bislick, Weir, Spencer, Kendall, & Yorkston, 2012;
Maas et al., 2008). When the movement to be learned was
a speech task, three studies using group-based comparisons
demonstrated increased retention when feedback frequency
was reduced. The experimental condition of 20% feedback
improved retention 2 days postpractice compared with
100% feedback when targeting phrase-length accuracy for
participant groups without motor deficits (Adams & Page,
2000) and with Parkinson’s disease (Adams, Page, & Jog,
2002), and also improved retention 1 week postpractice
when targeting novel Korean phrases in English-speaking
individuals (Kim, LaPointe, & Stierwalt, 2012). However,
60% feedback inconsistently improved retention 2-4 weeks
posttreatment compared with 100% feedback when target-
ing phonemes with single-subject designs in individuals
with apraxia of speech; more specifically, four of eight
patients showed better retention with reduced-frequency
feedback (Austermann Hula, Robin, Maas, Ballard, &
Schmidt, 2008; Maas, Butalla, & Farinella, 2012). One
study resulted in negative findings: No consistent retention
advantage was shown between 50% and 100% feedback
conditions when targeting phonemes with an individual
with apraxia of speech (Katz, McNeil, & Garst, 2010).

In regard to voice-specific learned movements, only
one study showed a retention advantage 1 day postpractice
for low-frequency feedback (no feedback or 0%, and 50%
feedback) compared with 100% feedback when targeting
sustained vowel nasalization in participant groups with
normal voices (Steinhauer & Grayhack, 2000). One study
showed less performance degradation in jitter values 1 week
posttraining in a group with normal voices who received
no feedback (0%) compared with a 100% feedback group
(Ferrand, 1995). One study showed no retention advantage
for a summary/delayed feedback condition compared with
a real-time feedback condition when targeting phrase-length
fundamental frequency contours in participant groups with
no voice or speech deficits (Weltens & De Bot, 1984). These
conflicting findings point to the need for additional investi-
gations into whether the results of limb-based studies apply
to the head and neck structures involved in voice and speech
production.

In addition, the cortico-bulbar (head/neck control)
and cortico-spinal (core and limb control) sensorimotor
systems differ with regard to several anatomical and physio-
logical factors: (a) Many head/neck structures have bilateral
cortical input (Simonyan & Horwitz, 2011), whereas limbs
predominantly have contralateral cortical input (Kandel,
Schwartz, & Jessell, 2000); (b) limbs contain a gamma neuro-
nal system crucial for load bearing and angle sensation
(Kandel et al., 2000), whereas gamma neurons have yet to
be observed in many head/neck muscles (Brandon et al., 2003);
(c) vocal neural circuits are tightly interconnected with
respiratory brainstem nuclei (Nishino, 2012); and (d) modifi-
cation of vocal behavior inherently involves minimal or no
visual feedback (i.e., it is not thought that the sensorimotor
constituents of phonation routinely engage vision-related
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neural pathways). Therefore, generalization of motor learning
principles to speech- and voice-related movements is a non-
trivial endeavor requiring careful empirical study.

Commercial and research ambulatory voice monitors
equipped with biofeedback capabilities use routines that
provide immediate 100% feedback based on amplitude
or fundamental frequency targets (Holbrook, Rolnick, &
Bailey, 1974; McGillivray, Proctor-Williams, & McLister,
1994; Van Stan et al., 2014). In order to implement motor
learning study designs with ambulatory voice biofeedback
schedules, new capabilities were developed for a smartphone-
based software application called the Voice Health Monitor
(VHM; Llico et al., 2015; Mehta, Zanartu, Feng, Cheyne,
& Hillman, 2012). More specifically, the VHM was pro-
grammed to directly control modifications to feedback fre-
quency and summary presentation via vibrotactile cues and
user interaction with a smartwatch.

The purpose of this study was to systematically assess
the effects of modifying the frequency and timing of ambu-
latory voice biofeedback on retention of a modified vocal
behavior (reduced vocal intensity) in participants with normal
voices who responded to their respective biofeedback condi-
tion. Participants with normal voices have been chosen in
order to clearly observe the biofeedback effect without con-
founding influences (e.g., concomitant voice therapy, abnor-
mal vocal anatomy) that could potentially be introduced
by including participants with various types of voice dis-
orders. It was hypothesized that the group who received 100%
immediate biofeedback would perform with the highest
accuracy (i.e., remain below the vocal intensity threshold
for the highest percentage of time) during biofeedback,
but that this improved performance would not be retained
(i.e., return to baseline vocal intensity levels after feedback
removal). In contrast, the other two groups receiving reduced
frequency feedback (25% immediate feedback) and summary
feedback (summary statistics at defined intervals) were
expected to maintain their improved performance after
the ambulatory voice biofeedback was removed.

Method
Participants

All participants were registered nurses (RNs) recruited
from intensive care or step-down units. This population
was targeted for recruitment because of an occupational
demand from hospital-initiated quality improvement pro-
grams, which ask nursing staff to reduce their vocal intensity
while on the units. Both the World Health Organization
and the Joint Commission on Accreditation of Healthcare
Organizations provide recommendations on environmental
noise levels in acute care units because high environmental
noise is associated with negative physical and psychological
effects for patients (Mazer, 2006, 2012; Nightingale, 1860;
World Health Organization, 2009). The most controllable
aspect of environmental noise is how loud nurses talk
(Kahn et al., 1998), but modifying the volume of nursing
conversations has been difficult and often unsuccessful (Kol,

Demircan, Erdogan, Gencer, & Erengin, 2015; Konkani,
Oakley, & Penprase, 2014; Qutub & El-Said, 2009; Taylor-
Ford, Catlin, LaPlante, & Weinke, 2008). The normal
status of all participants was verified via video-stroboscopic
laryngeal examination after passing an initial interview
demonstrating a history without vocal difficulties, normal
auditory-perceptual voice quality as judged by a speech-
language pathologist, and no reported history of hearing
impairment. The Institutional Review Board of Partners
HealthCare System at Massachusetts General Hospital
approved all study procedures.

Eighty-five RNs were enrolled into the study; however,
four participants failed the endoscopic screening owing to
evidence of phonotrauma, 15 participants produced unstable
baseline vocal intensity behavior (see Biofeedback Threshold
Selection section for more details), and nine participants
did not respond to the biofeedback. In addition, participants
were terminated for extensive whispering during monitored
days (n = 4), illness (n = 1), taking off equipment before the
end of the day (n = 2), multiple appointment cancellations
(n = 1), and being an inherently “soft talker” (n = 1). Thus,
the total number of participants included in the statistical
analysis was 48. The mean (standard deviation) of age was
36.9 years (12.9) for the 100% feedback group, 33.0 years
(10.9) for the 25% feedback group, and 30.9 years (9.7) for
the Summary feedback group. The number of women and
men was, respectively, 12 and three for the 100% feedback
group, 14 and three for the 25% feedback group, and 14
and two for the Summary feedback group.

Of note, the baseline vocal intensity distribution of
the “soft talker” was quantitatively different (skew of 0.29
and kurtosis of —0.38) from all other participants, who had
a group mean (standard deviation) of —0.24 (0.28) for skew
and 0.05 (0.40) for kurtosis. Also, at the beginning of the
study, five participants were told their percent compliance
values after the short-term retention day, potentially con-
founding vocal behavior on the long-term retention day.
This practice was discontinued for the remainder of the study;
however, five participants do not have long-term retention
data (one in the 100% feedback group, two in the 25% feed-
back group, and two in the Summary feedback group).

Data Acquisition Platform

The VHM (Mehta et al., 2012) was used to monitor
and provide ambulatory voice biofeedback throughout the
study. As shown in Figure 1, the VHM attaches a minia-
ture accelerometer (model BU-27135; Knowles Electronics,
Itasca, IL) via double-sided tape at the base of the neck
(subglottal) above the sternal notch to sense phonation.
The sensor is connected to a custom smartphone application
as the data acquisition platform, and the system records the
unprocessed acceleration signal at 11025 Hz sampling rate,
16-bit quantization, and 80 dB dynamic range to obtain
frequency content of neck surface vibrations up to 5000 Hz.
The VHM application provides a user-friendly interface
for starting/stopping recording, daily sensor calibration,
smartwatch coupling (Gear Live, Samsung, Seoul, South
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Figure 1. Voice Health Monitor: (A) Accelerometer, interface cable with circuit encased in epoxy,
smartphone, smartwatch; (B) the wired accelerometer mounted on a silicone pad affixed to the
neck midway between the thyroid prominence and superior border of the sternum.

Korea; Motorola Moto 360, Lenovo, Morrisville, North
Carolina, USA; or the G watch, LG Electronics, Seoul,
South Korea), periodic alert capabilities that include sys-
tem checks (Mehta et al., 2012) and vocal fatigue questions
(Nanjundeswaran, Jacobson, Gartner-Schmidt, & Abbott,
2015), voice activity detection settings, and flexible bio-
feedback schedule settings. The real-time voice activity de-
tection settings used for all days of ambulatory monitoring
are listed in Table 1.

The experimenter met each RN prior to every day
of monitoring in order to set up the VHM device. A cali-
bration procedure transforming acceleration level to sound
pressure level was not performed with each participant;
that is, all signal amplitude-based measures were derived
directly from the uncalibrated neck-surface acceleration
signal (in dB). This approach was chosen because (a) no
vocal intensity comparisons were made across individuals,
and (b) it was crucial to minimize any signal level error
within each participant. The calibration of sound pressure
level can introduce on average + 6-10 dB of measurement
error (Svec, Titze, & Popolo, 2005). To further minimize sig-
nal level measurement error, on every day of monitoring,
the first author placed the accelerometer on the same loca-
tion of the anterior neck between the thyroid prominence
and the superior border of the sternum. The experimenter

Table 1. Parameters for voice activity detection.

used participant-specific measurements on the basis of ana-
tomical landmarks (clavicle, wrinkles, thyroid prominence,
and the cricoid) to ensure accurate accelerometer place-
ment on the neck surface from day to day.

Study Design

Participants were block-randomized into three differ-
ent feedback groups: (a) 100% feedback, (b) 25% feedback,
and (c) Summary feedback. The overall study design included
6 days of monitoring. The first 3 days established an indi-
vidual’s natural vocal intensity behavior (baseline), the fourth
day included ambulatory voice biofeedback for 30 min of
phonation time (biofeedback), the fifth day—no biofeed-
back provided—occurred 1 or 2 days after the biofeedback
day (short-term retention), and the sixth day—no biofeed-
back provided—occurred 5-11 days after the biofeedback
day (long-term retention). All short-term retention days
were originally scheduled for 1 day postbiofeedback, and
all long-term retention days were originally scheduled for
between 5 and 9 days postbiofeedback. However, it was
not possible to obtain exact daily timing because acute care
nursing schedules change frequently; for example, RNs are
often asked to cover additional shifts or called off depend-
ing upon hospital unit census levels.

Parameter Setting Description

Frame duration 50 ms Duration of a processing frame
Frame interval 0ms Interval between successive frames
Level limit 30 dB Minimal value

Low/high (LH) ratio limit 22 dB Minimal value

LH ratio low cutoff 70 Hz Minimal frequency for ratio

LH ratio cutoff 2000 Hz Low/high frequency separation
LH ratio high cutoff 3930 Hz Maximal frequency for ratio

fO lower limit 70 Hz Minimal value

fO upper limit 1000 Hz Maximal value

Autocorrelation peak limit 0.25 Minimal value

Subharmonic peak limit 0.25 Minimal aperiodic voicing value
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Biofeedback Threshold Selection

The level (dB) and duration settings for the biofeed-
back threshold were designed to be as consistent across the
three different biofeedback conditions as possible. The level
threshold for biofeedback was individually derived for each
participant on the basis of his or her 3 days of baseline
monitoring. More specifically, biofeedback was triggered/
registered when the dB level of the accelerometer signal
exceeded the 85th percentile of the pooled distribution of
level across each individual’s 3 baseline days. The 85th per-
centile was chosen as the biofeedback threshold level on the
basis of our previous experience from studies of ambulatory
voice biofeedback (KayPENTAX, 2009; Stadelman-Cohen
et al., 2014; Van Stan, Mehta, & Hillman, 2015). Also, pilot-
ing with three participants prior to full-scale recruitment
helped to establish a percentile-based level threshold that
subjectively maximized the potential for a noticeable vocal
behavior change (i.e., reduction in loudness) while still allow-
ing functional vocal intensity and minimizing risk related to
participant annoyance. The duration of time that the acceler-
ometer signal needed to remain above the threshold level to
trigger/register biofeedback was set to a single analysis frame
(50-ms duration) in order to detect as many of these events
as possible. This differs from previous studies where the
threshold level had to be exceeded for multiple consecutive
voiced frames to trigger biofeedback, for example, 250 ms
(KayPENTAX, 2009; Stadelman-Cohen et al., 2014; Van
Stan, Mehta, & Hillman, 2015). The previous approach
increased the likelihood that some phonatory segments
exceeding the threshold (i.e., voiced segments less than
250 ms in duration) would not trigger/register biofeedback
and could potentially introduce an unacceptable amount of
variability into the feedback paradigms.

Participants needed to demonstrate reasonable day-to-
day stability of their vocal intensity behavior across all base-
line days to complete the study. The stability requirement
was imposed after we realized that excessive variability
across the 3 baseline days would limit our ability to observe
the establishment and retention of a biofeedback effect. This
became clear after a few early participants produced 2 base-
line days of comparable vocal intensity and 1 baseline day
of significantly lower or higher vocal intensity. When the
overall 85th percentile vocal intensity biofeedback threshold
was applied to individual baseline days for these participants,
the level threshold would range above the 90th percentile for
1 day. Consequently, it became difficult to demonstrate a
statistically significant increase in percent compliance during
biofeedback and retention days because percent compliance
has a ceiling of 100%. Stability of baseline vocal intensity
behavior was determined by finding the overall 85th percentile
of the entire baseline vocal intensity period (pooling phona-
tion levels across all 3 baseline days), and individual base-
line days were then assigned level values corresponding to
the overall 85th percentile. If the level for any baseline day
was above the 90th percentile for that day, the participant
would be terminated from the study. The 90th percentile
cutoff was chosen because it capped participant variability

to one third (5 percentage points) of the available percent-
age improvement (15 percentage points), increasing the
likelihood of identifying a significant improvement during
biofeedback and/or retention monitoring.

Because a primary purpose of the study was to assess
the effect of different biofeedback schedules on retention,
it only made sense for participants to continue in the study
if they first demonstrated a biofeedback effect. Because the
baseline variability limit was set at 90%, participants were
only considered to have demonstrated a biofeedback effect
if their percent compliance during the biofeedback day
was at or above 91%. If a participant failed to achieve
> 91% compliance during a biofeedback day, the person
was terminated from the study and did not undergo reten-
tion monitoring.

Biofeedback Delivery

During biofeedback days for the 100% and 25% feed-
back groups, the VHM provided a 250-ms vibrotactile cue
via a smartwatch whenever the participants exceeded the
accelerometer-level threshold after every 50-ms voiced frame
(100% feedback group) or every fourth voiced frame they
exceeded the threshold (25% feedback group). The VHM
would automatically stop recording after registering 36,000
voiced frames (30 min of phonation) so each participant had
equal exposure time to biofeedback cuing. Table 2 lists all
settings used for biofeedback parameters throughout the study.

Those in the Summary feedback group received a
continuous vibrotactile cue on their smartwatch and phone
after 2,400 voiced frames (i.e., 2 min of phonation) to alert
them to look at their percentage compliance values for
(a) the entire day and (b) the most recent period of voicing.
More specifically, the VHM software displayed a simple
summary statistic on the smartwatch screen called percent

# of voiced frames inside desired range
# of total voiced frames

compliance( ) at adjustable time

frames to replicate the concept of summary feedback. The
participants were provided summary statistics after every

2 min of voiced time, which corresponded to approximately
every 20 min of monitoring (10% phonation time was typi-
cal). As shown in Figure 2, to ensure that the participant
adequately comprehended their summary statistics, multi-
ple screens for user interaction were provided on the phone
and smartwatch whenever the statistics were displayed.
Monitoring could continue only after the participant used
the keypad on the smartwatch to accurately enter/replicate
the displayed percent compliances. Participant responses
were recorded in a text document on the smartphone that
allowed documentation of how much time passed between
the summary statistic presentation and when the user looked
at the responses, as well as if the participant accurately
recalled his or her compliance percentages.

Statistical Analysis

Consistent with the performance-retention paradigm
(Salmoni et al., 1984), statistical analysis was performed
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Table 2. Biofeedback settings for ambulatory voice biofeedback.

Parameter Setting Description

Feature Level Selected vocal feature with which to control biofeedback

Lower limit 30 dB Frame counted toward duration threshold when below lower limit

Upper limit* Variable  Frame counted toward duration threshold when above upper limit

Duration threshold 50 ms Duration that feature must be outside limit range to trigger biofeedback

Duration hold 0ms Duration of voiceless/in-range voiced frames to wait before resetting
duration threshold

Relative frequency® 1oréd Number of times duration threshold must be exceeded to trigger biofeedback

Cue duration 250 ms Duration of vibrotactile cue administered through smartwatch and phone

Display summary statistics® True Enable the ability to provide summary statistics regarding feature

Statistics time frame® 120 s Duration specifying analysis window and interval between summary display

Recording limit 30 min Stop recording at specified duration

Count voicing only True Apply only voiced frames to recording limit

aThe upper limit was personalized according to each participant’s baseline behavior. °The value 1 was used for 100%
frequency feedback and 4 for 25% frequency feedback. “Only “true” when providing summary statistics for participants in

that feedback group.

separately for (a) acquisition (baseline and biofeedback),
(b) short-term retention, and (c) long-term retention phases.
This is because performance scores during biofeedback days
theoretically represent both temporary changes owing

to biofeedback cues and permanent changes from learning,
whereas the postbiofeedback days would only represent
learning-related changes. Therefore, direct comparisons
between the biofeedback and retention days would be con-
founding (Schmidt & Lee, 2011; Winstein & Schmidt, 1990).
For the acquisition phase, a mixed analysis of variance
(ANOVA) 3 (Group) x 4 (Day [Baseline Day 1, Baseline
Day 2, Baseline Day 3, and biofeedback) was completed

with the percent compliance data. When statistical signifi-
cance was found (p < .05), Bonferroni-corrected post hoc
tests were conducted on the main effects; univariate follow-
up tests were conducted on interaction effects; and, when
significant, appropriate post hoc tests were performed.
Two one-way ANOVAs were completed for short-
and long-term retention days individually using (a) percent
compliance data and (b) performance change postbiofeed-
back (change scores is defined as percent compliance during
biofeedback day minus percent compliance on short- and
long-term retention days). When statistical significance was
found for the main effect of Group, Bonferroni-corrected

Figure 2. Screenshots taken from an LG G smartwatch when displaying summary statistics for the Summary feedback
group. The blue arrows/circle denote the path taken when the user inputs a correct answer, and the red arrows/circle denote
the path taken when the user inputs an incorrect answer. The summary statistics screens will not finish until the participant

correctly enters all statistics.
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post hoc tests were performed. Cohen’s d was used as an
effect size metric for all statistically significant pairwise com-
parisons such that effect sizes less than 0.2 were interpreted
as small, 0.2 to 0.8 as medium, and greater than 0.8 as
large (Cohen, 1988). All statistics were calculated using
SPSS (version 22.0, IBM, Armonk, NY).

Results

Table 3 lists descriptive statistics of vocal behavior
for participants within each biofeedback group. For the
Summary group, the mean (SD) time between summary
presentations was 20:05 (12:23) min:s, the mean (SD) time
participants took to attend to the smartwatch display of their
summaries was 16 (27) s, and the mean (SD) time it took
for participants to enter answers to the prompts was 7 (8) s.

Acquisition

Figure 3 summarizes the group means and standard
deviations of the individual feedback groups for each day
of monitoring. The results of the 3 X 4 mixed ANOVA
indicated a statistically significant main effect of Day; Wilks’s
lambda, F(3, 43) = 368.53, p < .001; and post hoc testing
demonstrated a statistically significant increase in percent
compliance of 12 percentage points (pp) during biofeedback
days compared with each baseline day (p < .001, d = 4.5).
Of note, both the Group x Day interaction effect and
Group main effect were nonsignificant. Therefore, no dif-
ferences between groups were identified during baseline
or biofeedback days.

Short-Term Retention

The results of the one-way ANOVA using percent
compliance data indicated no significant main effect of
Group (p = .094). However, the one-way ANOVA using
change scores indicated a significant main effect of Group;

Figure 3. Ambulatory biofeedback effect showing group-based
means of percent compliance pooled within monitoring periods
and respective feedback groups. Error bars represent + 1 SD from
the mean.

Compliance (%)
100

98
Feedback group
96 — 100%
= Summary

R

Day 1 Day 2 Day 3

R i R

Biofeedback  Retention Retention
Short-term  Long-term

Wilks’s lambda, F(2, 46) = 3.733, p = .032; and the post
hoc testing demonstrated a statistically significant differ-
ence between the 100% feedback group and the Summary
feedback group (p = .027, d = 1.14). More specifically, the
Summary feedback group’s performance change postbiofeed-
back (M = —0.96 pp; SD = 2.50 pp) was smaller than the
100% feedback group’s performance change (M = —5.15 pp;
SD = 4.55 pp). In terms of absolute phonation time, the
100% feedback group phonated approximately two minutes
and 21 seconds more above the biofeedback threshold com-
pared with the Summary feedback group.

Long-Term Retention

The results of the one-way ANOVA using percent
compliance data indicated a near-significant main effect
of Group; Wilks’s lambda, F(2, 41) = 3.097, p = .056; and

Table 3. Descriptive statistics of voice use within feedback groups.

Feedback group, M (SD)

Descriptive characteristic 100% 25% Summary
Long-term retention (days postbiofeedback) 71(1.7) 7.0(1.3) 6.9 (1.0
Baseline days

Monitored duration (hr:min:s) 7:04:38 (3:25:16) 7:37:41 (3:10:33) 8:03:09 (2:57:08)

Phonation time (%) 14.1 (6.7) 13.2 (5.8) 12.3 (3.0
Biofeedback day

Monitored duration (hr:min:s) 4:42:51 (2:17:18) 5:01:41 (2:13:41) 4:55:43 (1:28:43)

Phonation time (%) 12.6 (56.1) 12.4 (6.7) 11.0 (3.1)

Number of cues provided 1072.8 (1002.9) 196.6 (212.2) 15 (0)
Short-term retention day

Monitored duration (hr:min:s) 6:59:21 (3:18:57) 7:47:47 (3:04:18) 7:49:38 (2:24:49)

Phonation time (%) 14.5 (5.4) 12.2 (5.2) 11.12.7)
Long-term retention day

Monitored duration (hr:min:s) 7:22:54 (3:22:03) 9:05:46 (2:36:03) 7:41:12 (2:37:04)

Phonation time (%) 14.7 (7.0) 10.9 (3.1) 11.8 (2.7)

Note. (hr:min:s) = hours:minutes:seconds.
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the post hoc testing demonstrated a near-significant differ-
ence between the 100% feedback group and the Summary
feedback group (p = .061, d = 0.87). The Summary feed-
back group’s percent compliance (94.4%) was higher than
the 100% feedback group’s percent compliance (89.8%).
The results of the one-way ANOVA using change scores
indicated a significant main effect of Group; Wilks’s lambda,
F(2,41) = 4.262, p = .021; and the post hoc testing demon-
strated a significant difference between the 100% feedback
group and the Summary feedback group (p = .017, d = 1.04).
The Summary feedback group’s performance change post-
biofeedback (M = —2.20 pp; SD = 2.90 pp) was smaller than
the 100% feedback group’s performance change (M = -7.21
pp; SD = 6.17 pp). In terms of absolute phonation time, the
100% feedback group phonated approximately 2 min and
52 s more above the biofeedback threshold compared with
the Summary feedback group.

Potential Confounding Variables

The study design initially provided monetary incentive
to maximize participant compliance during biofeedback
and retention days. However, four out of 20 participants
informed the experimenters that they whispered throughout
their shifts to help ensure that they received the highest
payment possible. This vocal behavior was not desirable
given the study goals. Thus, these four participants’ data
were removed from analysis, the financial incentive was
discontinued, and the remaining participants (n = 32) com-
pleted the study protocol with only an occupational motiva-
tion to speak softer. The analysis included 16 participants
who received the monetary incentive (five in the 100% group;
six in the 25% group; five in the Summary group). However,
none of the incentivized participants performed statistically
better than their non-incentivized peers (z-score of percent
compliance values < 2.0), providing empirical support that
the financial incentive did not confound the results for these
individuals.

Other potential confounding variables include total
monitoring time or phonation time. For example, those with
shorter monitoring periods during biofeedback and retention
days may have had higher compliance time because they
did not need to “perform” for as long; that is, they had less
chance to experience mental or physical fatigue. Also, par-
ticipants could have avoided speaking in certain situations
or reduced the amount of talking in general to improve
their performance. However, these potential confounds do
not seem likely as Pearson correlations between daily percent
compliance values and total monitoring time or phonation
time were statistically nonsignificant.

Throughout data collection, some RNs were reported
to be “louder than most” by themselves and/or their peers.
Therefore, a subset of the participants may have been signifi-
cantly louder at baseline and consequently had an advantage
during biofeedback and retention days; that is, they could
have achieved a higher compliance value by speaking at a
louder sound pressure level than those who were not louder
than average at baseline. Because the study focused on

vocal intensity changes within an individual, no daily loud-
ness calibration was completed to convert the units of accel-
eration level to units of sound pressure level (Svec et al.,
2005). Thus, across-individual comparisons of loudness
were not possible. However, those who had baseline vocal
intensity histograms that were negatively skewed (less than
—0.2; Hildebrand, 1986) produced over 97.0% compliance
on 22 of the 26 retention days. Because a strong negatively
skewed vocal intensity histogram means that the bulk of their
behavior was concentrated toward higher vocal intensities—
and most of the high-performing retention days came from
this group—there could exist a subset of “louder” participants
who performed better than the rest of the group.

To further investigate the effects of baseline vocal
intensity on subsequent performance, the participants were
divided into two groups on the basis of baseline vocal in-
tensity skew values where the Negative Skew group exhib-
ited skews < —0.2 (N = 25, overall skew = —0.449) and
the Average Skew group exhibited skews between 0.2 and
—0.2 (N = 20, overall skew = —0.051). Three participants
had baseline vocal intensity histograms with a skew > 0.2
and are not included in either group. Figure 4 shows a
visualization of the two groups’ overall average baseline
histograms normalized via z-scores. An independent-samples
t test between the two groups using all biofeedback and
retention percent compliance values indicated that the
Negative Skew group produced significantly higher percent
compliance values than those in the Average Skew group
(p =.005, d = 0.51). Therefore, the Negative Skew and
Average Skew groups were further subdivided into their
respective feedback groups to examine any qualitatively
different biofeedback/retention patterns compared with the
entire data set. Table 4 shows the mean percent compliance
values and associated standard deviations across biofeed-
back and retention days for each subgroup. Both subgroups
displayed similar performance patterns across days com-
pared with the entire data set, so it does not appear as
though any subgroup individually influenced the overall
results.

Discussion

The main objective of this study was to examine
whether modifications in ambulatory voice biofeedback
frequency or timing could influence the performance and
retention of a reduced vocal intensity behavior in daily
life with participants who responded to their respective bio-
feedback condition. Response to the ambulatory biofeed-
back was strong, as evidenced by the statistically significant
difference and large Cohen’s d effect size compared with
the baseline days; however, the hypothesis that the 100%
feedback group would supply the highest percent compli-
ance during biofeedback was not observed. In fact, the 25%
feedback group exhibited the highest group-averaged per-
cent compliance and lowest standard deviation during
biofeedback—although this was not a statistically significant
difference. Perhaps the amount of cuing provided from
100% feedback was too much (on average 1,072 times
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Figure 4. Average histograms of vocal intensity for each skew-determined subgroup. The histograms were obtained by characterizing
each individual’s pooled vocal intensity histogram from 3 baseline days into 40 z-score bins. All individuals’ bins were averaged together
if the overall baseline vocal intensity skew was < -0.2 (Negative Skew group, N = 25) or between -0.2 to 0.2 (Average Skew group, N = 20).

Phonation time (%)
8

7 m— Negative Skew group

= Average Skew group

6

1 2 3

z-score of vocal intensity

per day), eventually becoming distracting or annoying and
resulting in a decrement in overall performance. Although
no reports of annoyance during biofeedback days were
communicated to the study staff, participants were not for-
mally interviewed regarding their biofeedback experience.
The second hypothesis stated that less feedback in
general would produce higher retention and a smaller per-
formance decrement postbiofeedback removal. The one-
way ANOVAs from the short- and long-term retention
data provide support for this hypothesis because the 100%
feedback group’s performance postbiofeedback deterio-
rated significantly more than the Summary feedback group
with a large associated effect size (d = 1.14 and 1.04 for
short- and long-term retention, respectively). Furthermore,
the 25% feedback group produced a mean percent compli-
ance value between the 100% and Summary feedback

Table 4. Subgroups according to baseline vocal intensity skewness
show differences in average percent compliance, but similar retention
patterns across groups.

Feedback group, M (SD)

Parameter 100% 25% Summary
Biofeedback day
Negative skew 98.1 (1.7) 98.3 (1.7) 97.0 (2.4)
Average skew 96.0 (3.0) 98.0 (1.8) 95.3 (2.6)
Total data set 97.0 (2.7) 97.8 (2.2) 96.2 (2.5)
Short-term retention day
Negative skew 91.6 (7.7) 96.0 (5.0) 96.6 (2.5)
Average skew 91.8 (2.3) 93.9 (4.8) 94.3 (3.2)
Total data set 91.9(4.9) 94.7(5.2) 95.3 (3.1)
Long-term retention day
Negative skew 90.6 (8.8) 95.3 (3.4) 95.4 (3.6)
Average skew 89.0 (6.0) 91.4 (3.8) 93.1 (2.3)
Total data set 89.8(6.6) 93.0 (4.5) 94.4 (3.4)

groups during both short- and long-term retention (which
would likely become significantly higher than the 100%
feedback group with more power/participants). Group var-
iability (standard deviation) was lowest in the Summary
feedback group during both retention days, lending further
support for the beneficial effect of reduced feedback on
short- and long-term retention.

The guidance hypothesis is a popular theory of
motor learning that can provide some theoretical explana-
tion regarding the overall average performance of the three
groups (Salmoni et al., 1984). This principle states that a
learner requires feedback to improve motor performance,
but too much feedback creates dependence on the external
feedback and minimizes attention to intrinsic aspects of
motor performance (Schmidt, Young, Swinnen, & Shapiro,
1989). Motivated by this principle, we surmise that the
100% feedback group may have significantly degraded in
average performance postbiofeedback because their internal
model of correctness was underdeveloped compared with
the other two groups who received less feedback.

Principles from the field of reinforcement learning
can be directly applied to the findings as well. For exam-
ple, operant conditioning concerns the provision of reward
or punishment after a volitional behavior to increase or
decrease the likelihood of future occurrence (Skinner, 1953).
To be more specific, the biofeedback delivered for the 100%
and 25% feedback frequency groups could be viewed as
negative reward or “punishment” because a consequence
(a vibrotactile sensation on the wrist) occurred after an
undesirable behavior (talking too loudly) to decrease the
likelihood of future loud talking. However, the summary
feedback category is not as straightforward to describe be-
cause the percent compliance value could represent reward
if the number were high, such as 99%, or punishment if the
number were low, such as 50%. Furthermore, summary
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feedback was not delivered immediately after the occur-
rence of the undesirable behavior. Future investigations could
investigate how to improve the short- and long-term behav-
ioral responses to feedback conditions (especially ones associ-
ated with punishment) by integrating various reward-related
functions used by persuasive systems in this era of the quanti-
fied self (Choe, Lee, Lee, Pratt, & Kientz, 2014; Fritz,
Huang, Murphy, & Zimmermann, 2014; Manson et al.,
1999; Oinas-Kukkonen & Harjumaa, 2008).

When compared to those who responded to the bio-
feedback, the nine participants who did not respond to
biofeedback (and were terminated from further study) per-
formed significantly worse throughout the entire biofeed-
back day. To provide quantitative evidence of their poor
performance, every participant’s biofeedback day was divided
into 15 consecutive individual subunits of 2,400 voiced
frames and 15 cumulative subunits (e.g., 2,400, 4,800,
7,200 voiced frames)—which replicated the feedback that
the summary group received. The mean (SD) number of
subunits that exhibited > 91% compliance time for the non-
responder group was 33.3% (24.8 pp), which was statisti-
cally lower than the compliance time of 93.1% (12.0 pp)
in the responder group. Compliance time during the cumu-
lative subunits for the nonresponder group was 19.4%
(25.7 pp), which was statistically lower than the compliance
time of 98.1% (5.7 pp) for the responder group. However,
most of the participants who did not respond to the ambula-
tory biofeedback were from the Summary feedback group
(seven of nine), indicating that it may have been more diffi-
cult to modify one’s vocal behavior in this group because
of the minimal amount of feedback provided. It could even
be hypothesized that the higher retention exhibited by the
Summary feedback group may be a result of filtering out
participants with lower levels of motivation, vocal aware-
ness, or general vocal skill.

Clinical Application

Although the results of this study indicate statistically
significant differences consistent with motor learning theory
and empirical studies, these differences may not be consid-
ered clinically meaningful depending on the patient and his
or her vocal rehabilitation needs. However, 2.5 to almost
3 min of phonation (the approximate difference between the
Summary and 100% feedback groups during retention mon-
itoring) is a clinically meaningful difference when consider-
ing the reduction of abusive vocal behaviors in a patient
with vocal fold nodules. Assuming a female modal funda-
mental frequency of 200 Hz, reduction of high (>85th per-
centile) vocal intensities for 3 min of voicing would directly
affect 36,000 vocal fold collisions/oscillations. This effect is
even more salient when one recognizes that fundamental
frequency is positively correlated with vocal intensity and
phonatory forces are thought to become increasingly more
damaging as vocal intensity increases (Hillman et al., 1989;
Zanartu et al., 2014).

If a patient does not respond to the feedback pro-
vided by a clinician or ambulatory voice monitor (i.e., a

nonresponder), he or she cannot be simply terminated
from therapy (as was done in this study). Therefore, empir-
ically informed use of ambulatory voice biofeedback in a
clinical setting will require future studies that provide guid-
ance on how to maximize the chances of successful behavior
change (e.g., decisions such as when to introduce ambula-
tory biofeedback, what objective measure should be tar-
geted by the biofeedback, and where and how to establish
a biofeedback threshold).

The variables of ambulatory voice biofeedback were
specifically applied in a consistent, controlled manner
throughout this study. Retention may be even stronger with
different biofeedback settings, such as increased exposure
to the biofeedback (dose), a higher or lower vocal intensity
biofeedback threshold, or different feedback frequency (e.g.,
50% or 33%). As an alternative, the delivery of multiple
feedback schedules simultaneously (e.g., 25% feedback
combined with summary statistics) or consecutively (e.g.,
fading from 100% feedback on Day 1 to 25% feedback
on Day 2) may improve long-term retention. In addition,
within-day feedback frequency could be modulated accord-
ing to probabilistic instead of deterministic timing (e.g.,
programmatic fading over the course of the day, where the
beginning of the day is closer to 100% feedback and fre-
quency tapers to minimal feedback by the end of the day,
resulting in an overall relative frequency of approximately
25%). Tt is also possible that the impact of different feed-
back parameters could vary depending on the individual
characteristics of patients, including specific diagnoses,
concomitant medical conditions, and cognitive/affective
characteristics. Therefore, further work is warranted on
how to fine-tune feedback settings to maximize the potential
of retention on the basis of group and individual attributes.

A final point: Follow-up work must focus on the
addition of features or measures for ambulatory voice
biofeedback that expand the clinical relevance/application
beyond the currently limited options of fundamental fre-
quency and vocal intensity. With respect to the VHM,
biofeedback may be based on periodicity measures or
estimates of glottal aerodynamic parameters (e.g., maximum
flow declination rate and unsteady flow) from the accelera-
tion signal on the basis of a vocal system model (Llico et al.,
2015). The flexibility of the smartphone-based platform
offers the potential to use additional clinically salient mea-
sures such as cepstral peak prominence (Awan, Roy, Jetté,
Meltzner, & Hillman, 2010; van Leer, Pfister, & Zhou, 2017),
relative fundamental frequency (Stepp, Sawin, Smith, Awan,
& Eadie, 2012), multidimensional features (Dejonckere &
Lebacq, 2001), and features derived from machine learning
algorithms (Ghassemi et al., 2014).

Conclusions

Overall, the results of this study demonstrate that feed-
back frequency and timing significantly affect the retention
of a modified vocal behavior in participants with normal
voices. Future work should focus on investigating the appli-
cation of this approach in participants with voice disorders
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to assess viability for clinical use and the improved treatment
of behaviorally based voice disorders. It is also expected
that these clinical studies would incorporate an expanded
set of vocal function parameters that could be used as a
basis for more versatile and functionally relevant biofeed-
back than simple thresholds for fundamental frequency
and vocal intensity.
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